Osteopontin (OPN), a key component of the extracellular matrix, is associated with the fibrotic process during tissue remodeling. OPN and the cytokine interleukin (IL)-18 have been shown to be overexpressed in an array of human cardiac pathologies. In the present study, we determined the role of IL-18 in the regulation of cardiac OPN expression and the subsequent interstitial fibrosis and diastolic dysfunction. We demonstrated parallel increases in IL-18, OPN expression, and interstitial fibrosis in murine models of left ventricular pressure and volume overload. Exogenous recombinant (r)IL-18 administered for 2 wk increased cardiac OPN expression, interstitial fibrosis, and diastolic dysfunction. Stimulation of the T helper (Th)1 lymphocyte phenotype with a selective toll-like receptor (TLR)9 agonist induced cardiac IL-18 and OPN expression, which was associated with increased cardiac fibrillar collagen concentrations and interstitial fibrosis resulting in diastolic dysfunction. rIL-18 induced OPN expression and protein levels in primary of cardiac fibroblast cultures. Conditioned media from TLR9-stimulated T lymphocyte cultures induced IL-18 and OPN expression in cardiac fibroblasts, while blockade of the IL-18 receptor with a neutralizing antibody abolished the increase in OPN expression. Furthermore, a mutation in the transcriptional factor interferon regulatory factor (IRF)1 or IRF1 small interfering RNA (siRNA) resulted in the decreased expression of IL-18 and OPN in cardiac fibroblasts. With pressure overload, IRF1-mutant mice showed downregulation of IL-18 and OPN expression in cardiac tissue, reduced cardiac fibrotic development, and increased left ventricular function compared with wild type. These results provide direct evidence that the induction of IL-18 regulates OPN-mediated cardiac fibrosis and diastolic dysfunction. extracellular matrix; remodeling; T lymphocyte; interferon regulatory factor 1; toll-like receptor-9; lysyl oxidase LEFT VENTRICULAR REMODELING in response to pressure and/or volume overload is associated with myocardial hypertrophy, fibroblast hyperplasia, and increased concentrations of fibrillar collagen in the extracellular matrix. Recent studies have shown that pathological myocardial fibrosis may cause diastolic dysfunction and heart failure (24), whereas myocyte hypertrophy in the absence of fibrosis is considered physiological remodeling (22, 46) if the mass-to-volume ratio is preserved (5). In this study, we investigated whether interleukin (IL)-18 regulates the gene and protein expression of the matricellular protein osteopontin (OPN), a component and regulator of cardiac extracellular matrix fibrillar collagen concentrations.
LEFT VENTRICULAR REMODELING in response to pressure and/or volume overload is associated with myocardial hypertrophy, fibroblast hyperplasia, and increased concentrations of fibrillar collagen in the extracellular matrix. Recent studies have shown that pathological myocardial fibrosis may cause diastolic dysfunction and heart failure (24) , whereas myocyte hypertrophy in the absence of fibrosis is considered physiological remodeling (22, 46) if the mass-to-volume ratio is preserved (5) . In this study, we investigated whether interleukin (IL)-18 regulates the gene and protein expression of the matricellular protein osteopontin (OPN), a component and regulator of cardiac extracellular matrix fibrillar collagen concentrations.
As reviewed by Okamoto (26) , OPN also plays a critical role in the regulation of cellular proliferation and differentiation, interstitial fibrosis, arteriosclerosis, and angiogenesis. Although OPN is ubiquitously expressed in many tissues and is increased during stress-induced cardiac remodeling, it participates as a cytokine or humoral factor in the integration of intercellular networks during tissue remodeling (1, 40) . In particular, OPN regulates tissue remodeling by controlling the tissue fibrotic process in cardiac remodeling and skin wound healing; this effect is reduced by the silencing or deletion of the OPN gene (8, 21, 23) . Additionally, OPN has been recognized as a serum marker of myocardial injury, hypertrophy, and dysfunction in humans (14, 35, 36) .
A key link between the cardiovascular and immune systems is OPN's role as a chemokine that activates T helper (Th)1 lymphocytes (2) . OPN is, therefore, also termed early T lymphocyte activator-1 (Eta-1). Activated T lymphocytes contribute to the fibrotic process through elaboration of select cytokines as reviewed by Azouz et al. (3) . Recent evidence has shown that toll-like receptors (TLRs) serve as pattern recognition receptors that control immune processes and are critical for cardiac remodeling in rodent models of myocardial infarction or pressure overload (19, 34, 37) . TLRs govern the signaling pathways of downstream cytokines including IL-18 (27) . As reviewed by Wang et al. (38) , IL-18 can also be induced in fibroblasts by stress, neurohormones, and Th1 cytokines in the cardiac tissues. Moreover, IL-18 is significantly increased in the resident myocardial tissues and serum of heart failure patients (20, 41) . Several studies have emphasized the role of IL-18 in the pathophysiology of myocardial inflammation and injury (6, 7, 9) . However, the fibrotic regulation of OPN by IL-18 in the stressed heart has not been elucidated. Therefore, the goal of our study was to determine whether IL-18 regulates OPN expression and induces interstitial fibrosis using in vivo and in vitro models. Our work does not discount the contributions of neuroendocrine factors such as angiotensin II, endothelin-1, transforming growth factor-␤, and aldosterone in cardiac remodeling; however, the immune system, via IL-18, is also a contributor to this pathological process. The results described here elucidate the regulatory role of IL-18 on OPN expression and OPN-mediated interstitial fibrosis and cardiac dysfunction.
characterize the relationship between OPN and IL-18, murine models including pressure overload, volume overload, administration of recombinant (r)IL-18, administration of CpG 1668 oligodeoxynucleotide (ODN), and IRF1 mutation were utilized as illustrated by Fig. 1 . Cardiac function was evaluated with transthoracic echocardiography (echo) and in situ pressure-volume loop analysis. Subsequently, left ventricular tissues were harvested and analyzed for collagen concentrations and cross-linking by hydroxylproline assay, gene expression by real-time PCR, and protein concentrations of OPN and IL-18 with ELISA. The direct effect of IL-18 on OPN was determined in cardiac fibroblasts in vitro.
Preparation of pressure/volume overload murine models. Twomonth-old WT or IRF1-mutant mice were randomly divided into the following groups: transverse aortic constriction (TAC) (n ϭ 4 for day 1, n ϭ 4 for day 7, and n ϭ 8 for day 30) , sham-operated TAC control (n ϭ 8), aortocaval fistula (AVF) surgery (n ϭ 4), and sham-operated AVF control (n ϭ 4). With a TAC surgical technique according to Hu et al. (16) , the postsurgical TAC survival rate was Ͼ85%, and only TAC mice in which the aortic velocity time integral was decreased by 30% were included in this study. Mouse AVF model studies limited to only 30 days after fistula were included to provide confirmation that comparable responses occur with these two types of hemodynamic overload. With an adaptation of the methods described by Garcia and Diebold (13) , AVF was created in mice with a 27-gauge needle passed through the infrarenal abdominal aorta into the inferior vena cava. The AVF surgical procedure postsurgical survival rate was 100%, and those mice in which the 30-day cardiac output was increased by 50% as measured with echocardiography were included in the study.
IL-18 administration. Mice were randomly divided into PBS and recombinant murine IL-18 (rIL-18) (R&D Systems, Minneapolis, MN) treatment groups. The rIL-18 administration dose was that described by Woldbaek et al. (39) at 25 g ⅐ kg Ϫ1 ⅐ day Ϫ1 subcutaneously for 2 wk (n ϭ 8).
CpG 1668 administration. The CpG 1668 ODN sequence, 5Ј TCCATGACGTTCCTGATGCT 3Ј, synthesized by TIB Molbiol (Adelphia, NJ) was administered in vivo at a dose of 50 g ⅐ mouse Ϫ1 ⅐ wk Ϫ1 for 4 wk according to the protocol reported by Redecke et al. (29) .
Quantification of left ventricular mechanics by echo and pressurevolume loop analysis. At postsurgery week 4, at week 2 in the rIL-18 study, and at week 5 in the CpG 1668 study, the mice were anesthetized with 1.5% isoflurane and digital images were recorded at a frame rate of 200 frames/s with a linear 45-MHz probe (model 707B Scanhead, Visualsonics). Short-axis M mode was used to measure ejection fraction and fractional shortening. The mitral valve flow was measured with Doppler, using a four-chamber view to compute the E-to-A ratios. After echo analysis, pressure-volume loops were acquired with our previously described Millar conductance catheter system methods (42, 43) .
Determination of hydroxylproline and collagen cross-linking. Hydroxylproline and cross-linking assays have been described by Yu et al. (45) . Hydroxylproline levels were quantified by comparison to a standard colorimetric curve of trans-hydroxylproline (Sigma). The data were calculated with the average hydroxylproline content of collagen (13.5%) and expressed as micrograms of collagen per milligram of dry heart weight. Collagen cross-linking was determined with cyanogen bromide (CNBr) digestion. The percentage of crosslinking was determined by comparing CNBr-nonsoluble hydroxylproline to total hydroxylproline.
Primary cardiac fibroblast isolation and treatment. The isolation and culture of cardiac fibroblasts were performed as described by Yu et al. (45) . At 80 -90% confluence, cardiac fibroblasts were treated with 10 ng/ml rIL-18, 1:10 diluted supernatants from splenic T lymphocytes (described below), or 10 g/ml CpG 1668. After 48 h of treatment, cells were collected for further assays.
Splenic T lymphocyte isolation. Splenic T lymphocytes were isolated and cultured according to the methods reported by Yu et al. (45) . After 48 h of treatment with 10 g/ml CpG 1668, supernatants were collected as conditioned medium.
ELISA for OPN. Mouse cardiac tissue OPN was extracted with CelLytic MT (Sigma) buffer with 1 g/ml leupeptin, 1 g/ml aprotinin, and 10 g/ml trypsin inhibitor. Extraction samples or cell culture supernatants were quantified with the TiterZyme EIA kit Values are means Ϯ SE comparing transverse aortic constriction (TAC) and aortocaval fistula (AVF) groups with sham control groups at postsurgery day 30. There was an increase in left ventricular weight (LVW)-to-body weight (BW) ratio and lung weight (LW)-to-BW ratio in both TAC and AVF models. Transthoracic echocardiography demonstrated that cardiac output (CO) decreased in TAC and increased in AVF mice, and left atrial dimension (LAD) increased in both models compared with sham control groups. End-systolic volume (Ves) and end-diastolic volume (Ved) increased more in the AVF group than in the TAC group compared with the sham control groups (n ϭ 8). *P Ͻ 0.05 compared with sham control group; †P Ͻ 0.01 compared with sham control group. (NM_080639.2). All the candidate gene threshold cycle numbers were normalized to the relative amounts of the ␤-actin (BC040513) gene.
Cardiac tissue section histology. Cardiac structure and fibrosis were evaluated by standard picrosirius red staining procedures performed by the Department of Pathology lab at the University of Arizona. The interstitial and perivascular fibrosis volume was quantified with polarized light, with six views per midregion of the left ventricular sections with Image J software (NIH).
Statistical analysis. Statistical analyses of parameters of left ventricular function, gene expression, and ELISA data and results from all cell culture treatments were performed with ANOVA followed by Scheffé's F-test to assess specific group differences. Values are expressed as means Ϯ SE. P Ͻ 0.05 was considered to indicate statistical significance.
RESULTS

Time-dependent correlation of cardiac IL-18 and OPN expression in pressure/volume overload murine models.
Previous studies demonstrate that OPN, a lymphocyte chemokine and matrix cellular protein, is essential for the development of cardiac interstitial fibrosis (2, 26) . We therefore examined an immunologic mechanism regulating left ventricular OPN expression. The scheme of this investigation is illustrated by Fig.  1 . The relationship between IL-18 and OPN expression in pressure and volume overload-induced left ventricular remodeling was compared with TAC and AVF murine models, respectively. Table 1 compares the morphological and hemodynamic data for TAC, AVF, and sham control groups. There was an increase in heart and lung mass in both ventricular overload models. Transthoracic echo demonstrated a 42% decrease in cardiac output in the TAC model, and the AVF model had an increase of 60%. Left atrial dimension and end-systolic (V es ) and end-diastolic (V ed ) volumes were all increased compared with the sham control groups. These data support the idea that these models produced left ventricular hemodynamic overload.
Cardiac pro-IL-18 gene expression increased time-dependently in the TAC model by 5.7-fold at week 1 to 10.6-fold at week 4 and increased by 12.5-fold in the AVF model at week 4 compared with the sham controls (Fig. 2, A and B) . Moreover, cardiac gene expression of OPN increased in the TAC model by 3.7-fold at week 1 and 9.8-fold at week 4 and increased by 7.3-fold in the AVF model at week 4 compared with the sham controls (Fig. 2, C and D and in the same tissue cardiac IL-18 levels increased from control levels of 253 Ϯ 35 to 1,443 Ϯ 58 and 1,260 Ϯ 17 pg/mg in TAC and AVF heart tissue, respectively (P Ͻ 0.001).
Picrosirius red-stained images demonstrated increased cardiac fibrotic collagen in the TAC and AVF models at 1 mo (Fig.  2G) . Fibrotic volume quantification showed increased fibrosis at 1 mo in TAC and AVF overloaded cardiac tissue compared with sham controls (Fig. 2H) . These data reveal a temporal relationship among IL-18, OPN, and cardiac fibrosis during cardiac remodeling.
OPN expression in cardiac tissue of rIL-18-treated mice. To further investigate the effect of IL-18 on OPN expression in vivo, rIL-18 was administered (25 g ⅐kg Ϫ1 ⅐day Ϫ1 sc) for 2 wk. An increase was seen in the expression of the cardiac OPN gene (4.2-fold, P Ͻ 0.05) as well as the OPN protein (5.5-fold, P Ͻ 0.01) (Fig. 3, A and B, respectively) at week 2 compared with sham controls. Histological analysis showed a 5.4-fold increase in interstitial fibrotic collagen accumulation compared with controls (Fig. 3, C and D Redecke et al. (29) , and 7 days after the final CpG dose hemodynamic, gene expression, OPN, and collagen measurements were conducted on the left ventricular tissue. By conductance catheter pressure-volume loop analysis the maximum systolic pressure (P max ), end-diastolic pressure (P ed ), and arterial elastance (E a ) increased significantly, and by echo the ejection fraction and fractional shortening were decreased ( Table 2 ). The reductions in V ed and V es were suggestive of an impaired diastolic function. Further support of diastolic dysfunction is shown in Fig. 4A , where there was a leftward shift of the end-diastolic pressure-volume relationship that was characteristic of an abnormal diastolic filling phase in the cardiac cycle. Correspondingly, Fig. 4B shows an increase of 43% in the slope (␤) of the end-diastolic pressure-volume relationship. Next, we examined the effect of CpG on cardiac matrix properties. Even at 5 wk from the initiation of the CpG, Fig. 4C shows an increase in the cardiac gene expression of pro-IL-18 by 2.4-fold, IRF1 by 3.0-fold, and OPN by 2.4-fold compared with controls. Cardiac OPN protein expression increased by 2.8-fold in CpG 1668-treated mice (Fig. 4D) . Hydroxyproline was used to determine the total collagen and cross-linked collagen concentrations, and Fig. 4E shows that total ventricular collagen and cross-linked collagen increased by 2.0-fold and 2.8-fold, respectively. The percentage of crosslinked collagen increased from 49% to 68% in the CpG 1668 group compared with controls. Histological staining (Fig. 4F) further supports an increase in interstitial fibrosis (1.
Altered gene expression of cardiac extracellular matrix proteins by CpG 1668 administration. Since immune stimulation through CpG 1668 administration resulted in increased cardiac fibrosis, we sought to determine whether the genes for other extracellular matrix-related proteins were affected ( Table 3 ). The gene expression of pro-collagen type I increased by 2.5-fold; the collagen cross-linking enzyme pro-lysyl oxidase (LOX) increased by 2.1-fold, as did the pro-LOXL3 isoform by 9.1-fold compared with sham controls. These gene expression data were consistent with the above hydroxyproline data related to cardiac collagen content and fibrillar collagen cross-linking. Thus immune stimulation with CpG 1668 induces the expression of selected cardiac extracellular matrix genes including OPN, collagen, and lysyl oxidase.
OPN expression in primary cardiac fibroblast cell culture induced by conditioned lymphocyte medium and IL-18. To characterize the direct effect of IL-18 on the induction of OPN expression in cardiac fibroblasts, we compared diluted lymphocyte conditioned medium (1:10) and rIL-18 in the absence or presence of an anti-IL-18 receptor neutralizing antibody. Figure 5A demonstrates that conditioned medium from CpG 1668 (10 g/ml)-treated splenic T lymphocytes increased the gene expression of pro-OPN in cardiac fibroblasts without a direct effect from CpG 1668 or from medium from nonprimed splenic T lymphocytes. The full stimulation of OPN gene expression with conditioned medium was decreased by 63% with anti-IL-18 receptor antibody (5 g/ml) (Fig. 5A) . Furthermore, OPN gene expression was upregulated by 2.8-fold with rIL-18 (10 ng/ml) administration in vitro and was reduced by 60% with anti-IL-18 receptor neutralizing antibody in primary cardiac fibroblasts (Fig. 5B) . The limitation of the above in vivo study is that CpG 1668 may induce numerous T lymphocyte-derived cytokines; however, this in vitro study provides support that IL-18 derived from CpG 1668-activated T lymphocytes induces OPN expression in cardiac fibroblasts.
IRF1 mutation alters cardiac remodeling in response to pressure overload. IRF1 is a transcriptional factor for the induction of pro-IL-18 and OPN. Using the TAC model with IRF1-mutant mice, we determined the effect of this mutation on cardiac remodeling, function, and OPN concentrations. Figure 6A demonstrates that the IRF1 mutation allowed for preserved normal left ventricular function after the TAC intervention. The cardiac collagen measured by hydroxyproline content revealed that the IRF1 Values are means Ϯ SE. The immune inducer of interleukin (IL)-18, CpG 1668, was administered at a dose of 50 g/mouse weekly for 4 wk. Hemodynamic measurements were acquired at week 5 with in situ pressure-volume loop analysis. There was an increase in heart weight and left ventricular end-diastolic pressure and a decrease in Ves and Ved. There was an increase in arterial vascular resistance (arterial elastance, Ea) and maximal end-systolic pressures (Pmax systolic). HR, heart rate; EF, ejection fraction; FS, fractional shortening; Ped, end-diastolic pressure. mutation reduced the collagen accumulation in response to TAC by 35% compared with WT mice (Fig. 6B) . The gene expression of cardiac IL-18 and OPN was also significantly reduced in the TAC IRF1-mutant group by 69% and 67%, respectively, compared with the TAC WT group (Fig. 6C) . Compared with controls, the mice with the IRF1 mutation had a 36% decrease in basal cardiac OPN protein levels; compared with WT TAC mice, the IRF1-mutant TAC mice had a 56% reduction in myocardial OPN protein concentrations (Fig. 6D) . Together, our in vivo studies indicate that IRF1 deficiency is associated with reduced cardiac remodeling and OPN expression concomitant with preserved left ventricular function.
IRF1 mutation and silencing downregulates IL-18 and OPN expression in cardiac fibroblasts. Our in vivo experiments
indicate that the IRF1/IL-18 pathway is critical for the induction of OPN and cardiac remodeling. In cardiac fibroblasts isolated from IRF1-mutant mice treated with rIL-18 (10 ng/ml), the expression of IL-18 and OPN genes was suppressed by 53% and 47%, respectively, versus WT cardiac fibroblasts (Fig. 7, A and B) . It appeared that the exogenous IL-18 induced cellular IL-18 synthesis (Fig. 7A) , and therefore the difference between WT and IRF1-mutant IL-18-stimulated OPN expression by cardiac fibroblasts in Fig. 7B is related to the inhibition of endogenous IL-18 synthesis due to the IRF1 mutation. The stimulation of OPN protein levels with rIL-18 was reduced by 62% in IRF1-mutant cardiac fibroblasts (Fig. 7C) . To confirm this, targeted IRF1 small interfering RNA (siRNA) treatment of cardiac fibroblasts significantly downregulated IRF1, pro-IL-18, and OPN gene expression compared with control cardiac fibroblasts (Fig. 7D) . These data are consistent with our in vivo findings, which demonstrate the role of IRF1 in the expression of IL-18 and OPN in cardiac tissue remodeling.
DISCUSSION
The pathogenesis of diastolic dysfunction remains incompletely understood. However, prima facie evidence for the central role of the cardiac fibroblast in pathological cardiac fibrosis has Fig. 4. IL-18, OPN been established by the observation that the differentiation to cardiac myofibroblasts results in the deposition of type I and III collagen and, second, the formation of fibrillar collagen crosslinking through fibroblast-derived lysyl oxidase. Recent studies indicate that OPN expression is obligatory for the formation of pathological myocardial fibrosis in rodents (21), strongly associated with left ventricular hypertrophy, and possibly related to recurrent ventricular arrhythmias in humans (14) . In the study described here, we present results providing direct evidence for IL-18 as an inducer of OPN and the resulting pathological fibrosis that support the claim that cardiac fibrotic pathogenesis involves the interaction between the cardiac fibroblast and the adaptive immune system.
Our study develops the fundamental notion that when hearts are subjected to pressure overload there is a time-dependent upregulation of cardiac IL-18 and OPN. In addition, the activation of an immune pathway with the selective TLR9 agonist ODN CpG 1668 results in the induction of IL-18, leading to OPN expression that appears to be associated with cardiac interstitial fibrosis, ultimately resulting in diastolic dysfunction. Our data also suggest that mutation of the transcriptional factor IRF1 decreases the expression of IL-18 and thereby reduces cardiac OPN expression and protein concentrations. It is important to note that the comparison of WT mice with the IRF1 mutation in the TAC model shows preserved left ventricular function and fibrillar collagen concentrations in the IRF1-mutant mice. These studies indicate that administration of exogenous rIL-18 to primary cardiac fibroblasts induces IL-18 and that the IRF1 mutation reduces this rIL-18-mediated expression of IL-18. Consequently, this characterization of IL-18 provides an immunologic mechanism for the induction of OPN in cardiac tissues.
OPN is a multifunctional protein in the cardiovascular system, and this RGD-binding protein functions as an extracellular matrix protein providing structural integrity to the cardiac extracellular matrix. More specifically, as reviewed by Okamoto (24) , OPN connects fibroblasts, cardiomyocytes, and the extracellular matrix through focal and fibrillar adhesions and initiates cell signaling cascades (26) . OPN expression is substantially upregulated during remodeling in wound healing and myocardial injury (31) . Importantly, as a mediator of tissue remodeling, OPN has many diverse cellular roles including regulation of cardiac fibroblast survival and differentiation (18) , formation of a matrix to adhere or attract myocardial constituent fibroblasts and endothelial cells to the injury site, and promotion of scar formation as reviewed by Denhardt et al. (10) . Evidence for the critical role of OPN during fibrosis development has been demonstrated in wound healing (23) and cardiac remodeling (8) models. Moreover, OPN has been reported as a serum marker of myocardial injury and dysfunction in humans (35, 36) . Alternatively, OPN is a key regulatory cytokine, as illustrated by its original description as early T cell activation gene-1 (Eta-1). In lymphocytes, the gene expression of OPN, like IFN-␥ and IL-12R␤2, is dependent on T-bet, a T-box transcriptional factor that is essential for Th1 polarization. In contrast, IL-18, also a Th1 cytokine, is T-bet independent (32). In OPN-deficient mice, there is an overexpression of IL-10, a prototypic Th2 cytokine (32) . Therefore, OPN is a key factor governing the T lymphocyte phenotype. Specifically, OPN is coupled with TLR9 and induces dendritic cell maturation toward a Th1-prompting phenotype (30, 33) . Thus our data link the fact that OPN is induced by IL-18 and provide direct evidence for the IL-18/OPN axis as an immunologic pathway of cardiac interstitial fibrosis.
Notably, IL-18 is a proinflammatory cytokine that has been shown to be intimately involved in the cardiac hypertrophy process (6, 7, 9) . IL-18 activates the transcriptional factors AP-1 and NF-B in T lymphocytes, which have been implicated in the upregulation of the transcription of the OPN gene (25, 32) . Moreover, the regulatory role of IL-18 on extracellular matrix turnover could be the underlying mechanism for diastolic dysfunction and progressive heart failure since its serum levels have been shown to be significantly elevated in heart failure patients (20, 28, 44) . Yamaoka-Tojo et al. (41) reported that there is an imbalance in the Th1-to-Th2 ratio in congestive heart failure and that IL-18 serum levels have a predictive value independent of ␤-blocker, angiotensin-converting enzyme (ACE) inhibitor, diuretic, and digitalis heart failure therapeutics. Furthermore, a cluster of secretory factors that are associated with cardiac remodeling, namely, aldosterone, endothelin-1, and angiotensin II, have been shown to induce IL-18 in cultured cardiomyocytes (11) .
Therefore, to establish the concept that the induction of IL-18 facilitates cardiac OPN-mediated fibrosis, we employed pressure and volume overload models and found a significant correlation between IL-18 and OPN. The interstitial collagen accumulation is significantly increased at 1 mo in both pressure-and volumeoverloaded hearts relative to sham controls. With the administration of rIL-18, we identified cardiomyocyte hypertrophy and cardiac dysfunction (data not shown), which is consistent with the report from Woldbaek et al. (39) . Administration of rIL-18 also enhanced cardiac OPN expression with interstitial collagen accumulation. Also, we found the rIL-18 treatment of primary cardiac fibroblasts did not induce transforming growth factor-␤1 (data not shown). However, since OPN expression can be stimulated by various cytokines and growth factors including IL-1␤, TNF-␣, and PDGF as reviewed by Denhardt et al. (10), we used a specific agonist for TLR9, CpG 1668, to induce Th1 lymphocyte responses. We confirm, as has been previously demonstrated in other studies (17) , that in vivo treatment with CpG 1668 significantly increased Th1 cytokines including IL-12 and interferon-␥ in splenic T lymphocytes (data not shown). In the left ventricular tissues of CpG 1668-treated mice, the expression of IL-18, IRF1, and OPN was significantly upregulated. Cardiac collagen content quantified by hydroxylproline and picrosirius red staining showed that CpG 1668 treatment increased collagen synthesis and fibrosis. Cardiac function, evaluated by both pressure-volume loop and transthoracic echo analysis, showed diastolic dysfunction. Since cardiac fibroblasts have been identified as the major source of extracellular matrix proteins and regulatory factors (4), we stimulated cardiac fibroblasts with CpG 1668-treated lymphocyte conditioned medium and found an overexpression of OPN that was inhibited with anti-IL-18 receptor neutralizing antibody. Consistent with others (37), our data indicate that Th1 type stimulation through the T lymphocyte alters the cardiac regulatory microenvironment including cytokines, growth factors, and remodeling enzymes, thereby affecting the cardiac extracellular matrix structure and modifying cardiac function.
IRF1 was first reported as a regulatory factor of interferons. Activation of IRF1 also increases IL-18 expression, while IRF1-knockout mice lose the ability to induce IL-18 (12) . Given that induced pressure overload of IL-18 Ϫ/Ϫ mice results in a maladaptive remodeling response (9), we investigated the effect of IRF1 mutation in response to pressure overload. With the TAC model, the IRF1-mutated mice were hemodynamically no different from the WT control mice and the concentration of left ventricular fibrillar collagen was significantly less than in the WT TAC mice. The proposed mechanism is that the IRF1 mutation suppressed both IL-18 and OPN expression. This is supported in isolated IRF1-mutated cardiac fibroblasts, where IL-18 and OPN expression were significantly reduced with challenge of rIL-18 compared with WT cardiac fibroblasts and inhibition of the IRF1 gene by siRNA showed downregulation of IRF1, IL-18, as well as OPN. Collectively, these data further demonstrate that IL-18 is a potent OPN inducer via IRF1. Moreover, reduction of OPN and fibrosis can be achieved by manipulating the transcription factor IRF1 for IL-18, thereby reducing stress-induced cardiac dysfunction.
In summary, the studies reported here conclusively demonstrate a regulatory role of the immune system, mediated via IL-18, in producing adverse remodeling of the cardiac extracellular matrix. The primary implication of our work, in the context of these studies, suggests that the IL-18/OPN axis may be a determinant in the pathophysiology of left ventricular diastolic dysfunction. Secondary findings that were outside the focus of this study include an increased expression of lysyl oxidase by IL-18, induction of hypertension with CpG 1668, and mutation of IRF-1 preserving cardiac function in the TAC model. In summary, the study contained here demonstrates the role of the immune system, namely IL-18, in cardiac extracellular matrix remodeling.
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